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Kinesins orchestrate cell division by controlling
placement of chromosomes. Kinesins must be precisely
regulated or else cell division fails. Calcium, a universal
second messenger in eukaryotes, and calmodulin regu-
late some kinesins by causing the motor to dissociate
from its biological track, the microtubule. Our focus was
the mechanism of calcium regulation of kinesin at
atomic resolution. Here we report the crystal structure
of kinesin-like calmodulin-binding Erotein (KCBP) from
potato, which was resolved to 2.3 A. The structure re-
veals three subdomains of the regulatory machinery lo-
cated at the C terminus extension of the kinesin motor.
Calmodulin that is activated by Ca®* ions binds to an
a-helix positioned on the microtubule-binding face of
kinesin. A negatively charged segment following this
helix competes with microtubules. A mimic of the con-
ventional kinesin neck, connecting the calmodulin-
binding helix to the KCBP motor core, links the regula-
tory machine to the kinesin catalytic cycle. Together
with biochemical data, the crystal structure suggests
that Ca2?*-calmodulin inhibits the binding of KCBP to
microtubules by blocking the microtubule-binding sites
on KCBP.

Calcium ions regulate many physiological processes. Cal-
modulin, a highly conserved, multifunctional Ca2"-binding
protein, mediates a majority of the calcium-regulated processes
and functions as a key transducer of changes in cytosolic cal-
cium (1). Activated by calcium ions, calmodulin interacts with
functionally diverse proteins and regulates their activities and
functions. Calmodulin or other calmodulin-like calcium sensors
are required for structural integrity, regulation of actin-based
myosin and microtubule (MT)-based dynein (2, 3), motor pro-
teins involved in muscle contraction, cell division, and or-
ganelle transport. Kinesins, which are microtubule-based mo-
tor proteins, control developmental and cellular processes in
eukaryotes (4—6). The molecular basis of Ca®"-calmodulin reg-
ulation has been described for kinesin-like calmodulin-binding
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protein (7-9). Kinesin-like calmodulin-binding protein (KCBP),
a member of the Ncd subfamily of minus end-directed kinesin
motor proteins (8) found in all plants and in some animals (10),
is required for cell division and trichome morphogenesis (11—
13). Biochemical studies show that Ca%*-activated calmodulin
disrupts interactions between KCBP and microtubules and,
therefore, controls the motility of the motor, microtubule-stim-
ulated ATPase activity, and microtubule bundling properties
(14, 15). The Ca2+-dependent regulation of KCBP is conferred
by a calmodulin-binding motif at the C-terminal extension of
the motor core (16, 17). We crystallized and then determined
the three-dimensional structure of the KCBP motor core with
the associated calmodulin regulatory motif to better under-
stand the regulation of kinesins, and the mechanism of CaZ*
signal transduction by calmodulin.

EXPERIMENTAL PROCEDURES

Materials—pET28b vector and Escherichia coli BL21(DE3) were
from Novagen. ATP was purchased from Sigma. Calmodulin-Sepharose
4B was from Amersham Biosciences. Crystallization screens were from
Hampton Research. All other chemicals were of reagent grade.

Preparation and Crystallization of the Recombinant KCBP—The po-
tato KCBP ¢cDNA fragment encoding amino acid residues Glu®**-Glu-
1252 was synthesized by PCR using a cDNA template (GenBank™ acc-
ession no. L46702) with forward (5'-GCATGCCATGGAAGATATGAA-
AGGCAAG-3’) and reverse (5'-GCAGAATTCATTCGTCTTGGATTTC-
CT-3’) primers. The amplified PCR product was digested with Ncol-
EcoRI and ligated into Ncol-EcoRI sites in pET28b vector. The
recombinant vector was verified by sequencing and transformed into
BL21(DE3) E. coli cells for protein expression. The recombinant KCBP
containing the motor core (amino acids 884—-1208) with the C-terminal
extension (amino acids 1209-1252), including the calmodulin-binding
motif (amino acids 1221-1236), was expressed and purified using a
calmodulin-Sepharose 4B column as described (14-16). The purified
protein (in 50 mMm Tris, pH 7.5, 50 mM NaCl, 2 mm MgCl,, 1 mMm EGTA,
1 mM ATP, 1 mm Tris(2-carboxyethyl)-phosphine) was concentrated to
10 mg/ml and used fresh for crystallization experiments. The recombi-
nant KCBP was crystallized at +4 °C using the sitting drop vapor
diffusion method and 20% polyethylene glycol 3350 in 0.2 M di-sodium
hydrogen phosphate, pH 9.1, as the reservoir solution. Before x-ray data
collection, the crystals were transferred into a cryoprotecting solution
containing 15% polyethylene glycol 400 in the reservoir solution and
were then flash-frozen in liquid nitrogen.

Data Collection, Model Building, and Refinement—X-ray diffraction
data were collected at Advanced Light Source (Lawrence Berkeley
National Laboratory) beamline 8.3.1. (A = 1.1 A), processed using
DENZO, and scaled by SCALEPACK (18). The structure of KCBP was
determined by molecular replacement (crystallography NMR software
(19)) using atomic coordinates for the motor domain of human kinesin
(PDB entry 1MKJ). Electron density maps based on coefficients 2 F, —
F_ were calculated from the phases of the initial model. The refinement
was carried out using the crystallography NMR software and alternat-
ing with manual rebuilding steps using QUANTA (Accelrys). The entire
structure was checked and rebuilt using annealed omit maps and PRO-
CHECK script from a CCP4 package (20). The current crystallographic
model is refined to 2.3 A, with R/R,,, values of 21.2/25.4, and contains
344 visible amino acid residues, 121 water molecules, and one Mg?"-
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ADP complex. There was no visible electron density for five N-terminal
amino acid residues (884-888), a loop L11 segment (residues 1126—
1134), and part of the C-terminal region (residues 1234-1244).

RESULTS

Structure of KCBP, General and Specific Features—In crys-
tallization trials we used recombinant KCBPs from different
species including Arabidopsis, maize, spruce, and potato. The
monomeric potato KCBP Glu®®-Glu'??2 produced crystals
suitable for determining the structure at a high resolution.
Table I shows x-ray data collection and refinement statistics.
The crystal structure of KCBP shows that the motor core of this
plant kinesin shares overall similarity to animal and human
analogues (21-24) (Fig. 1A). Electron density corresponding to
Mg2"-ADP is seen in the nucleotide binding pocket. Fig. 1, B
and C, shows that the positions of a-helices and B-strands in
the motor core match the positions of their counterparts in the

TaBLE 1
Data collection and refinement statistics

P2,2,2
a = 95.728, b = 85.302, ¢ = 44.457

Space group

Unit cell (A)

Data collection
Resolution (A) 2.3

Unit reflections 15,165
Observed reflections 340,742
Completeness (%) 90.3
R, (%) 5.1
(Do (D)) 18.96
Refinement (25-2.3 A)

Ry (%) 21.2
Rioo (%) 25.4
r.m.s.” deviation from ideality

Bonds (A) 0.008

Angles (°) . 1.4
Average B-factor (A%) 34.3
Molecules per asymmetric 1
unit

“r.m.s., root mean square.
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$
%
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structures of Ncd (22) and human conventional kinesin (23).
The main differences are found in the positions and the lengths
of several surface loops.

The structure of KCBP reveals the C-terminal extension of
the motor core. This extension was not revealed in the struc-
tures of C-terminal kinesins (Kar3 (25), Ned (22)) or their
mutants (26, 27). In KCBP, the C-terminal extension includes
the calmodulin-binding helix, two segments with irregular but
ordered structures (Fig. 1A, red), and a fragment with disor-
dered protein chain (Fig. 14, red dotted line). The first irregular
segment precedes the calmodulin-binding helix and connects it
with the motor core; another, rich in negatively charged amino
acids (we named it the negative segment), completes the C
terminus. An unexpected discovery was that the position of the
segment preceding the calmodulin-binding helix is identical to
the position of the neck linker in the conventional plus end-
directed kinesin (23). The striking similarity in the sequences
and interactions holding these linkers along the motor head
(Fig. 2A) suggests the name “neck mimic” for this segment of
the C extension.

At the tip of the arrowhead-shaped motor, the neck mimic
and the true conventional kinesin neck take different paths
(Fig. 1C). As observed in the KCBP structure, the calmodulin-
binding helix that follows, although slightly contacting a neigh-
boring motor in the crystal, is positioned by specific contacts
within the molecule (Fig. 2B) and is likely to be in this approx-
imate location when calmodulin is present. Multiple electro-
static and hydrophobic interactions hold the entire neck mimic
and the N-terminal base of the calmodulin-binding helix
docked along the motor core. In addition, the extended ali-
phatic side chain of Lys'?2!, which is conserved in plant

KCBPs, contributes to the limitation of rotational freedom of
the helix (Fig. 2B). These registrations determine the position
of the calmodulin-binding helix and bring it on the kinesin
microtubule-binding interface (28).

Fic. 1. The crystal structure and specific features of potato KCBP. A, the polypeptide chain for the KCBP motor core is shown in gray.
Part of loop L11 is disordered in the KCBP structure and is not shown. Three segments of the C-terminal extension, including the neck mimic
(residues 1210-1220), calmodulin-binding helix (residues 1221-1233), and negative coil (residues 1245-1252) are highlighted in red. The
disordered part of the C-terminal extension is shown as a red dotted line. Mg-ADP is shown as a blue space-filling model. B, superimposition of
the KCBP structure with the motor core of Drosophila Ned (22) (residues 349—670; PDB entry 2NCD) using the Ca atoms of the kinesin-conserved
nucleotide binding loop, the P loop (amino acids 970-977 and 434—441 in KCBP and Ncd, respectively). The color scheme is consistent with A and
C. Structural elements of Ncd that differ from the KCBP structure are shown in beige. C, superimposition of KCBP with the structure of human
conventional kinesin motor domain (23) (P loop residues, amino acids 86—93; PDB entry 1MJK). Structural elements of kinesin that differ from
KCBP are shown in green. The kinesin neck linker and part of the neck coiled coil (residues 325-349) are in bright green.
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Fic. 2. The intramolecular contacts defining orientation of the
calmodulin-binding domain of KCBP. Molecular surface of the
motor core is in transparent gray. Residues of the core interacting with
the regulatory C-terminal extension are shown underneath the molec-
ular surface in atom coding colors and are indicated in black. The
C-terminal extension residues are highlighted and indicated: carbon
atoms are orange; oxygen atoms are bright red; and nitrogen atoms are
bright blue. The hydrophobic residues involved in specific interactions
are shown in green. A, the neck mimic (residues 1210-1220) is docked
along the motor core where it is stabilized by specific hydrophobic and
electrostatic interactions (hydrogen bonds are shown as cyan dotted
lines). B, the hydrophobic residues in the calmodulin-binding helix
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The flexibility of the loop between the calmodulin-binding
helix and negative segment does not prevent the negative seg-
ment from making extensive contacts with the KCBP motor
core (Fig. 2C). Analysis of these contacts shows that binding of
the negative segment involves residues that are highly con-
served in the kinesin motors (including the characteristic
HIPYR sequence), which belong to the major microtubule-bind-
ing elements, loops L12 and L8, of the motor. Numerous spe-
cific electrostatic and hydrophobic contacts (Fig. 2C) holding
the negative segment on the microtubule-binding face of KCBP
exclude the possibility of random interaction and suggest that
this segment should be considered part of the regulatory ma-
chinery (see “Discussion”).

Modeling of KCBP-Calmodulin Complex on Microtubules—
Assuming the collapsed conformation of the central helix ob-
served in many structures of calmodulin bound to its peptide
targets (29, 30), we built calmodulin into the structure of KCBP
(Fig. 3A). Modeling shows that the configuration of the calm-
odulin-binding helix over the microtubule-binding surface of
kinesin has roughly enough volume to accommodate a calmod-
ulin molecule without altering the structure of the motor core.
The model of calmodulin on KCBP bound to the microtubule
(Fig. 3B, see figure legend for modeling details) demonstrates
that the calmodulin-binding helix in this position is accessible
for calmodulin. This observation is consistent with the results
of biochemical studies describing dissociation of the preformed
KCBP-MT complex in the presence of Ca®*-calmodulin (14).
Evidently, bound calmodulin would interfere with loop L8 of
the motor core, which is one of the important microtubule-
binding elements (28). This interference by itself might be
sufficient for detaching the motor from MTs. Additional repel-
ling interactions between calmodulin and tubulin could also
arise (Fig. 3B) and facilitate the detachment.

Conformational State of KCBP—Remarkably, the structure
of KCBP reported here is the first structure of the C-terminal
minus end-directed kinesin in the ATP-like conformational
state (21-27, 31). To analyze the conformational state of the
motor, the structure of KCBP has been superimposed over the
structures of kinesins in different structural conformations.
The comparison shows that, despite the ADP bound in the
nucleotide binding pocket, the major nucleotide-responsive re-
gion of the motor (the switch II cluster) is in the ATP-like
conformation (31). Fig. 4A shows that helices a4 and a5 of the
switch II cluster moved closer to the bound nucleotide and
match the positions of their counterparts in the previously
determined structure of the plus end-directed kinesin KIF1A,
complexed with AMPPCP, a nonhydrolyzable analogue of ATP
(31). Kinesin motors in the ATP-like conformation, in the ab-
sence of y-phosphate in the nucleotide binding pocket, have
been reported (23, 24, 31). In selected structures of rat (24) and
human kinesin (23) crystallized with Mg?*-ADP, the switch II
cluster elements are configured as in the ATP-like state (21,22,
25-27, 31).

Another nucleotide-responsive element of KCBP, switch I
loop L9, is ordered and positioned closer to the bound nucleo-
tide than in any previously determined kinesin structures. The
structure of switch I deviates in the available kinesin struc-
tures (including those in the ATP-like conformation) suggest-
ing that structuring of switch I loop L9 requires the presence of
MTs; however, the resulting tight configuration of the KCBP

implicated in binding with calmodulin are positioned on one face of the
helix and are shown in green. In the crystal lattice, these residues
interact with the equivalent residues from the symmetry-related KCBP
molecule. C, the C-terminal negative coil is attached to the motor core
by multiple hydrogen bonds and is also supported by hydrophobic
interactions.
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Fic. 3. Modeling of KCBP-calmodulin complex. A, calmodulin is modeled in the structure of KCBP by superimposing calmodulin-binding
motifs on KCBP (residues 1220-1237) and in the structure of calmodulin-binding sMLCK (29) peptide (residues 777-814) complexed with
Ca?*-activated calmodulin (PDB entry 1CDL). The KCBP motor core and the bound nucleotide are shown in gray, and the regulatory elements are
red. The major microtubule-binding elements on the motor core are in pink. Calmodulin (steel blue) is shown as a schematic model. B,
KCBP-calmodulin complex model positioned on the microtubule. The position of the KCBP motor core is equivalent to that of the AMPPCP-bound
kinesin KIF1A docked on the microtubule protofilament (PDB entry 1IA0) (37). The color scheme for the KCBP-calmodulin complex is consistent
with A. Tubulin subunits of the microtubule protofilament (37) (PDB entry 1IA0) are shown as Ca-carbon tracing thin wheat-colored lines. The
potential clashes between calmodulin and the microtubule are marked with a black lightning bolt symbol.

nucleotide binding pocket is consistent with the previously
proposed kinesin-switching mechanism that predicts the
pocket will close on binding ATP (32).

DISCUSSION

The Neck Mimic Stabilizes the ATP State of C-terminal Ki-
nesins—Previous studies conclude that a conserved hydropho-
bic pocket on the surface becomes exposed to solvent when the
switch II cluster is in the ATP-like state. In the plus end
kinesin dimer, immediate docking of the neck linker along the
motor core stabilizes this energetically metastable state. This
repositioning of the neck linker culminates in the power stroke
of the partner motor head toward the plus end of MTs (33).
Because of the different architecture of the neck in the C-
terminal kinesins, it was not clear what stabilizes the ATP
state of these motors. Finding additional ordered structural
segments of KCBP solved the mystery. In the structure of
KCBP, the neck mimic stabilizes the ATP-like conformation of
the motor (Figs. 1C and 2A). Fig. 2A shows that the KCBP
residue I1e'21°, which is analogous to the conserved isoleucine
residue at the base of the neck linker of conventional kinesin
(I1e%% in human kinesin (23)), loads into the hydrophobic
pocket, thereby facilitating zipping interactions between the
neck mimic and the motor core. Notably, all C-terminal kine-
sins have an extension of at least seven amino acids that are
C-terminal to the motor core (4) to which we can now ascribe
this function. Furthermore, although not conserved, these neck
mimics have one or more hydrophobic residues (Ile!?1°, Val'211,
and Pro'?'* in KCBP) followed by one or more charged amino
acids with extended aliphatic side chains (Lys1216 in KCBP). In
some C-terminal kinesins (Ncd, KIFC2, and KIFC3 (4)), the
neck mimic is followed by a predicted helical region and is
likely involved in regulation of these kinesins. In previously
reported structures of C-terminal kinesins (22, 25-27) the neck
mimic is disordered and therefore not visible, although it is
physically present; this is consistent with the observed ADP-
bound conformation of these motors. Normally, in C-terminal
kinesins the ADP-bound conformation supports the interaction

between the core and the true neck and does not support
interactions between the core and the neck mimic.

ATP Binding and Minus End-directed Power Stroke—In C-
terminal kinesins, ATP binding and associated conformational
changes are hypothesized to disrupt the neck core interactions
(31, 34). The ATP-stimulated release of the neck that results in
the minus end-directed power stroke was recently observed in
electron microscopy studies of Necd (35). The structure of KCBP
elaborates the Sablin model for the oppositely directed kinesin
power stroke (36) and suggests a detailed mechanism for the
ATP-induced neck swing in the minus end-directed kinesins.
Comparing the ATP-like structure of KCBP with the ADP-like
structure of Necd (22) shows that the docked ATP-like position
of the neck mimic and the docked ADP-like conformation of the
true neck cannot coexist (Fig. 4B). Isoleucine side chains from
these two different chain segments alternately bind in a spe-
cialized pocket during ATP hydrolysis. In particular, hydropho-
bic residues stabilize the position of I1e34° at the base of the
docked neck in the ADP-like structure of Ned. Analogous hy-
drophobic residues interact with Ile’?° at the base of the
docked neck mimic in the ATP-like structure of KCBP (Fig. 2A).
It is clear from Fig. 4C that I1e8°° in the base of the true KCBP
neck, the analogue to I1e34° of Ned, is squeezed out of the
hydrophobic pocket. Exchange of I1e8%° for Ile!2!° causes the
Bl-strand, which would hold and direct the docked neck in
the ADP structure, to bend away (Fig. 4C). This reconfigura-
tion of the base of the neck in the ATP-like state of the motor is
likely the major destabilizing factor causing the neck to move
away from its docked position on the core in ADP-like confor-
mation (Fig. 4B). In addition, the ATP-induced docking of the
neck mimic would also disable specific, true neck core interac-
tions in the ADP state. For example, the conserved interaction
between Asn®#® and Tyr*?® at the neck core interface of the
ADP-like motor Ned (22, 31, 34) (equivalent to Asn®%! and
Tyr?$? in KCBP) would be disrupted. At the same time, the
docked neck mimic creates a number of new repelling steric
and electrostatic interactions (Fig. 4C), which would ensure
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Fic. 4. Switch-based mechanism of KCBP. A, superimposition of the switch regions of KCBP and ADP- and ATP-like kinesin KIF1A (31)
(PDB entries 1I5S and 1161, respectively). The superimposed switch I and II regions are shown in pink, red, and orange for KCBP, ATP-, and
ADP-like KIF1A, respectively. B, two distinct conformations are shown of switch II cluster in the superimposed structures of the ATP-like KCBP
(pink) and ADP-like Ncd (22) (orange) (PDB entry 2NCD). The nucleotide-induced conformational transitions in switch II cluster are transmitted
to regulatory and mechanical parts of KCBP. With the neck mimic (red) docked along the motor core in the ATP-like state of KCBP, the true neck
cannot occupy the same position as in the ADP-like Ned structure (the Ned neck is beige). The putative new position of the KCBP neck in the
ATP-like state is shown as a transparent ribbon structure (rectangular frame is the enlarged view analyzed in C). C, specific neck mimic core
interactions causing detachment of the neck in the ATP-like state of KCBP. The new switch II cluster conformation results in rearranging
hydrophobic residues on the motor core that were previously seen engaged in stabilizing Ile®**® (I1e®*° in KCBP) at the base of Ncd neck. The
hydrophobic pocket (see Fig. 24) is now occupied by Ile'?'° of the KCBP neck mimic. I1e?°° of KCBP, equivalent to Ile*° of Ned, is shown as a stick
model but not indicated. All indicated residues causing the repelling interactions are conserved in C-terminal kinesins. D, schematic model for the
Ca®"-calmodulin regulation of KCBP. KCBP is shown as a functional dimer; the gray triangle is the motor core, the gray rectangle is the neck, and
the regulatory domain is red. For simplicity, the partner motor subunit lacks the regulatory domain and has been colored less distinctively. Binding
of ATP to the microtubule-attached motor (microtubule is a yellow-green rectangle) causes docking of the neck mimic along the motor core. This
docking positions the calmodulin-binding helix in the vicinity of the microtubule surface and destabilizes the neck-core interface, pushing the
mechanical element of the motor, the neck, away from the motor core. Repositioning of the neck results in the minus end-directed power stroke,
which moves the partner motor subunit toward the minus end (—) of the microtubule. When the concentration of Ca®?* ions increases,
Ca?*-activated calmodulin (steel blue ellipse object) binds to the prepositioned calmodulin-binding helix. This binding stabilizes the negative coil,
which blocks the microtubule-binding sites of KCBP. The combined effect of calmodulin binding deactivates the motor and causes dissociation of
the KCBP-calmodulin complex from the microtubule.

pushing the already destabilized neck away from the core in
the ATP-like state. The expelled neck would promote the power
stroke as previously suggested (36) (Fig. 4B). Thus, similar to
ATP-induced docking of the neck linker in the plus end-di-
rected kinesins, the ATP-triggered docking of the neck mimic
appears to be the essential part of the force-generating mech-
anism in the minus end-directed kinesin motors.

Mechanism of Ca®*-Calmodulin Regulation of KCBP—The
structure of KCBP suggests a plausible mechanism for Ca?*-
calmodulin regulation of kinesins. The neck mimic links the
regulatory subdomains of KCBP to the catalytic cycle of the
motor. The calmodulin-binding helix is positioned in the vicin-
ity of the KCBP microtubule-binding face in the ATP-like state
when interactions between the microtubule track and KCBP
are strong. The motor is fully active but sensitized for potential
regulatory interactions with calmodulin. A rising concentration
of Ca?" activates calmodulin and induces binding it to KCBP.
Accessibility of the calmodulin-binding helix while KCBP is

bound to the MT allows activated calmodulin to establish the
contacts and to block the motility of a working motor. Modeling
shows that bound Ca2"-calmodulin would interfere with loop
L8 of the KCBP motor core, disabling one of the specific con-
tacts between the kinesin motor and the MT and probably
initiating the process of dissociation.

What is the role of the negative segment? Blocking of two
major MT-binding elements, loops L8 and 112, in the absence
of calmodulin by the negative segment might seem to be a
puzzle. Multiple sequence alignment shows that the hyper-
negative sequence (122DDEELEEIQDE!2%2 in KCBP), most of
which is visible in the KCBP structure (Fig. 2C), is conserved
among all plant KCBPs and is, therefore, functionally impor-
tant; however, MT-binding assays and MT-stimulated ATPase
assays with full-length KCBP show that in the absence of
Ca?*-calmodulin the negative segment itself does not affect
KCBP binding to MTs (8, 9, 14). Only in the presence of cal-
modulin is the negative segment able to compete with the more
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extensive, negatively charged surface of the MT. Therefore, we
suggest that the conformation of the negative segment ob-
served in the KCBP structure is functionally relevant and
likely corresponds to the conformation of the protein in the
complex with calmodulin. In addition to directly blocking the
microtubule-binding elements of the motor (Fig. 3B), calmodu-
lin would help to order the negative segment and fix it as
observed.

Calmodulin regulates the functions of numerous structurally
and functionally diverse proteins. The modes of calmodulin
binding vary to respond to the specific requirements of regula-
tion and could be different between protein and peptide targets
(30). The model discussed here allowed us to explain the bio-
chemistry of KCBP and suggests the plausible mechanism of
regulation of kinesin motors by Ca?*-calmodulin; however, the
atomic resolution structure of the KCBP-Ca®"-calmodulin com-
plex is needed to test the suggested regulatory mechanism.

Conclusions—It is an engineering marvel that the switching
mechanism can be used by kinesins for generating motility and
in their regulation. In the case of KCBP, the nucleotide-sensing
switch regions coordinate functions of mechanical and regula-
tory domains. Zipping of the neck mimic along the motor core
stabilizes the ATP-like state of the C-terminal KCBP core,
simultaneously pushing its mechanical element, the neck, to-
ward the minus end of the MT and also properly orienting the
regulatory calmodulin-binding helix (Fig. 4D). When Ca®"-ac-
tivated calmodulin binds to KCBP, it deactivates the motor by
blocking the microtubule-binding elements on the motor core,
resulting in dissociation of the complex from the microtubule.
The negative regulation of KCBP by calmodulin is reinforced
by the repelling electrostatic interactions between the KCBP-
calmodulin complex and the track because of the calmodulin-
assisted attachment of the KCBP negative coil on the microtu-
bule-binding sites of the motor.
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